Apoptotic cell death in the nematode C. elegans culminates with the removal of the dying cells from the organism. This removal is brought forth through a rapid and specific engulfment of the doomed cell by one of its neighbors. Over half a dozen genes have been identified that function in this process in the worm. Many of these engulfment genes have functional homologs in Drosophila and higher vertebrates. Indeed, there is growing evidence supporting the hypothesis that the pathways that mediate the removal of apoptotic cells might be, at least in part, conserved through evolution. Cell Death and Differentiation (2001) 8, 564 ± 568.
Introduction
It seems ironic that we should be asking trade secrets of that greatest of undertakers, the worm. Much understanding of the removal of cellular corpses has come from studies of professional macrophages and immune cells. Given the caveat that the nematode Caenorhabditis elegans has neither professional macrophages nor an immune system, one could still argue that the genetic conservation and tractability of the worm ± and its ability to survive a loss of engulfment potential ± provide a sound basis for its use as a model organism for phagocytosis. Indeed, research on the worm has already shed some light on a process that is riddled with conceptual black boxes (see Figure 1 ). This process starts in the doomed cell, with the molecular execution pathway triggering or activating`eat me' signals that need to be presented at the plasma membrane for recognition by the engulfing cell. The engulfing cell must be able to receive and interpret these signals, relay them to the cytoskeleton, and then bind to and extend cytoplasmic arms around the dying cell. Lastly, the engulfing cell must recycle the remains of its prey.
The nematode C. elegans has already proved instrumental in studying fundamental questions in developmental biology. Its benefits as a model organism include its powerful genetics, 1 a fully sequenced genome, 2 and its simple, reproducible pattern of cell divisions during development. 3 ± 5 During this development, a large number of cells undergo programmed cell death (PCD, apoptosis). In hermaphrodites, 131 of the 1090 cells generated die, while in males 147 of the 1178 cells born die.
3 ± 5 The identity, time and location of each of these deaths is highly reproducible, giving researchers the ability to study PCD and engulfment in vivo with single-cell resolution. Apoptotic cell death is also prevalent in the adult hermaphrodite, where almost half of all germ cells undergo programmed cell death. 6 Apoptotic cells are engulfed and degraded soon after they are generated, a process that normally takes less than an hour. 7 Since C. elegans has no professional phagocytic cells, the task of removing dying cells from the body falls to non-professional neighbors surrounding the dying cell. 5, 7 For example, dying germ cells are removed by the myoepithelial somatic sheath cells that surround the gonad. 6 Genetic studies in C. elegans have resulted in the isolation of several mutations that affect engulfment (see Table 1 and below). 8 ± 10 These mutations identify seven genes that function in two pathways for phagocytosis. The first group is defined by members of the Rac pathway: ced-2, ced-5, and ced-10 encode nematode homologs of Crkll, DOCK180, and Rac1, respectively. 11, 12 A fourth gene, ced-12, also acts in this pathway but its molecular identity has not yet been reported. 10 A second group that affects engulfment in the nematode is composed of membrane proteins CED-1 and CED-7 and an adaptor protein, CED-6. ced-1 encodes a protein with sequence and structural similarity to the scavenger receptor SREC. 13 ced-7 is an ABC1 transporter homolog.
14 ced-6 contains a phosphotyrosine binding (PTB) domain, 15 a motif that is found in some adaptor proteins like Shc and IRS-1. 16 
From executioners to undertakers
In C. elegans and other species, there exists a gap in our understanding between caspase activation and presentation of`eat me' signals at the external plasma membrane. C. elegans has four known caspases, with CED-3 being the most extensively studied. 17 Several candidate CED-3 substrates have been reported, notably itself and CSP-2B as proproteins, CED-9, the viral caspase inhibitor p35, and FEM-3, a protein involved in regulating sex determination. 17 ± 20 However, how substrate cleavage mediates events downstream of the execution step is currently unknown in worms. In fact, presentation of`eat me' signals may not depend entirely on caspases: nematodes that have an inactivated CED-3 still have very low levels of cell death, and these cell corpses linger longer if an engulfment gene is also mutated 6, 21 (D Hoeppner and MO Hengartner, unpublished). Furthermore, the same engulfment pathway is also used to remove cells that die via CED-3-independent mechanisms, such as the necroticlike deaths observed following hyperactivation of various types of ion channels. 10 Cells that die by a variety of insults, like constitutively activated ion channels or G proteins, linger longer in the body if any of the engulfment genes is inactivated. Even cells that are only`sick' have a greater chance of survival if the engulfment machinery is sabotaged, as demonstrated by Kim and Horvitz in their study of the genes lin-24 and lin-33. Rare gain-of-function mutations in these genes lead to the inappropriate death of the Pn.p cells, a set of larval blast cells required for vulval development. 22 The mechanism underlying these atypical 
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Engulfment of apoptotic cells in C. elegans TL Gumienny and MO Hengartner deaths is unclear, but appears to be independent of the classical apoptotic pathway, 23 as the deaths are not suppressed in, e.g., ced-3 mutants. 22 In contrast, mutations in at least some engulfment genes partially rescue the Pn.p cells from death. 23 That blocking engulfment rescues from death suggests that in these mutants, the Pn.p cells are often not dead but simply sick, but that an early activation of the engulfment pathway results in them being eaten alive.' Preventing engulfment might give the cells a chance to recover and function properly. A corollary of this hypothesis is that the Pn.p cells express`eat me' signals well before they are dead. Early recognition of doomed cells might in fact be a general phenomenon in C. elegans. An extreme example of this idea has been reported by Robertson and Thomson, whose electron micrographs of a cell fated to die showed that it had already been recognized by an engulfing neighbor cell before it had even finished separating from its mother cell. 7 Finally, even a healthy cell can be`murdered' by phagocytosis in C. elegans. 24 The linker cell is required to lead the migration of the male gonad to the tail, where the reproductive and digestive system fuse. 4 The linker cell dies once it reaches its destination and is engulfed by one of two cells in the proctodeum. This death is required to open a channel between the vas deferens and the cloaca. The linker cell survives if it never reaches the engulfing cells or if the engulfing cells are eliminated by laser microsurgery of their common progenitor cell. 24 Interestingly, the linker cell still dies about half of the time in ced-3 mutants, suggesting that the cell death machinery acts in, but is not essential for, the programmed death of the linker cell. 25 
Worm`eat me' signals
Little is known about`eat me' signals in worms. None of the surface antigens that are presented on the surface of many dying mammalian cells, such as phosphatidylserine (PS), changes in carbohydrate chains on surface proteins and lipids, and ICAM-3 (intercellular adhesion molecule-3), have yet been shown to be recognized by engulfing cells in C. elegans.
26 Nonetheless, given the high level of conservation in the process, it would be surprising if these surface antigens were not also major contributing factors in C. elegans engulfment. Interestingly, the CED-7 homolog ABC1 promotes the exposure of phosphatidylserine in mammalian cells. 27, 28 Furthermore, Fadok and colleagues have found a PS receptor (PSR) that recognizes PS on the surface of apoptotic macrophages; interestingly, the C. elegans genome contains a good potential ortholog of this gene. 29 These findings suggest that PS may also be exposed in dying nematode cells.
Recognition of dying cells
A large number of candidate apoptotic receptors have been described in mammals. 26 Only a few of these genes have known nematode homologs, though. As mentioned above, C. elegans contains a homolog of PSR; whether this gene is involved in recognition of apoptotic cells remains to be proven. Recently Zhou and Horvitz have shown that ced-1 encodes a transmembrane molecule with some similarity to SREC (scavenger receptor expressed by endothelial cells). 13, 30 SREC may mediate the endocytosis of chemically modified lipoproteins or phopholipids, and so PS or modified LDL is a contender for CED-1's currently unknown ligand. CED-7 is also required in engulfing cells.
14 Although its purpose in these cells is presently speculative, it is worth noting that its mammalian homolog ABC1 also acts in macrophages, where it participates in lipid transport in the cell membrane. 31, 32 Necrotic-like cell deaths can also occur in C. elegans through a variety of cellular insults. 33 Interestingly, Chung and colleagues recently showed that cells undergoing necrotic-like deaths require the same engulfment genes for removal as cells that undergo programmed cell death. 10 A similar situation might exist in mammals; ABC1, the CED-7 homolog, acts in macrophages to remove necrotic cells as well as programmed cell deaths. 34 Other studies, however, have suggested that the receptors recognizing apoptotic cells and necrotic cells are distinct. 35 Clearly, more work on this issue is warranted.
Messengers from the membrane to the cytoskeleton CED-1 contains several potential tyrosine kinase phosphorylation sites, which in many growth factor receptors mediate interactions with cytoplasmic adaptor proteins that contain SH2 or phosphotyrosine-binding (PTB) domain-containing proteins. CED-6, a PTB domain-containing protein, is one such candidate adaptor protein which might bind CED-1. 15 Consistent with this hypothesis, CED-6 acts downstream of CED-1 and CED-7 by genetic analysis. The human CED-6 homolog is also required for phagocytosis. Dimerization of mammalian CED-6 is required for its activity; this dimerization might be important for interaction with its yet unknown partners.
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Moving membranes
Once a neighboring cell has received a signal from its neighbor, it needs the means to remove the dying cell. This is accomplished by extending cytoplasmic arms around the dying cell. ced-2(Crkll), ced-5(DOCK180), and ced-10(Rac1) have been shown by homology to provide the means for acting on this signal by allowing the engulfing cell to extend processes around the dying cell (Figure 1) . 11, 12 A fourth gene, ced-12, also acts in this cascade in C. elegans, but the molecular nature of this gene has not yet been reported. 10 Recruitment of Rac1 to the cytoplasmic membrane has been shown to be involved in pseudopod extension during phagocytosis. 39 ± 41 In other systems, a v b 5 integrin has been shown to recruit p130Cas to the membrane, which becomes anchored to the membrane upon phosphorylation and subsequently binds to Crkll. 42 This complex then recruits DOCK180 and activates Rac1, leading to actin/myosin assembly-based pseudopod extension. 43 C. elegans integrins have no reported role in phagocytosis, but do affect the adhesion and migration of many cells. 44 A p130Cas homolog has not been reported 
Relationship of engulfment to degradation
Nucleases are known to be required for the degradation of DNA in dying cells. Studies by Wu and colleagues have indicated that there are at least three different nucleases involved in this process in C. elegans. 45 The first endonuclease is known only by its activity, which results in the creation of TUNEL-reactive DNA. It is dependent on the interaction of the engulfing cell with the dying cell and requires the function of CED-1 and CED-7. The second nuclease, NUC-1/DNase II, further degrades DNA so the DNA is no longer recognized by TUNEL staining. The last nuclease acts only after the dying cell is fully enclosed by the phagocytic cell, suggesting that the engulfing cell may supply this nuclease, perhaps in lysosomes, for the final recycling of the dead cell's DNA.
The roles of caspases, other proteases, and lipases in C. elegans in providing engulfment signals and in degrading the cell provides another black box waiting to be opened. Of interest will be the timing of activation of`eat me' signals in relation to general cell destruction events, and what contributions the dying and engulfing cell each make in removing potentially harmful cells from the body.
Future directions
The powerful genetics of C. elegans has revealed the involvement in phagocytosis of two cell surface proteins (CED-1 and CED-7), a previously uncharacterized adaptor molecule (CED-6), and confirmed the role of the Crkll/ DOCK180/Rac pathway (CED-2, CED-5, and CED-10, respectively). Biochemical studies of these molecules, coupled with continued genetic analysis, will continue to further our understanding of cell corpse removal in both the worm and man (see Figure 1) .
